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ABSTRACT
I propose that broad narrow-topped emission lines with full width at zero intensity
> 20000 km s−1 revealed by early-time spectra of SN 1998S originate from a dense
circumstellar (CS) shell with the outer radius R ≈ 1015 cm. The tremendous line width
is the result of multiple scattering of photons of the narrow line by thermal electrons
of the opaque CS gas. The Hα line on 1998 March 6 is reproduced by Monte Carlo
simulations provided the Thomson optical depth of the CS shell is 3–4 at this epoch.
The high density of CS shell implies that a cool dense shell (CDS), which forms at the
ejecta-wind interface, is opaque in the Paschen continuum for about 40–50 days after
the explosion. This explains, why strong lines from the supernova ejecta were not seen
during an initial period of about 40 days after the discovery. The Thomson optical
depth recovered from the electron-scattering wings is consistent with observational
constraints imposed by the bolometric luminosity, photospheric radius and expansion
velocity of the CDS.
Key words: supernovae – circumstellar matter – : stars.
1 INTRODUCTION
Supernova SN 1998S discovered on March 2.68 UT (Li &
Wan 1998) belongs to a diverse family of SN IIn, which
are generally believed to interact with a dense presupernova
wind (Filippenko 1991, 1997; Chugai 1990). Of particular
interest are the earliest spectra of SN 1998S, taken before
1998 March 12, with strong Balmer emission lines and Wolf-
Rayet (WR) features, N III 4640 A˚, He II 4686 A˚ on a
smooth black-body continuum (Leonard et al. 2000; Liu et
al. 2000; Fassia et al. 2001). The lines have similar profiles,
composed of an unresolved line with full width at half max-
imum (FWHM) < 300 km s−1 and a broad line with full
width near zero intensity ≥ 20000 km s−1 (Leonard et al.
2000). The narrow component is identified with the CS gas,
while the broad line is attributed to the SN ejecta (Leonard
et al. 2000), in accord with a picture generic to SN IIn.
I will present quite different view on the origin of the
broad component. It will be explained as a result of broaden-
ing of the narrow line due to multiple scattering by thermal
electrons in the opaque CS gas. I will show that this conjec-
ture is consistent with observational constraints imposed by
the bolometric light curve, photospheric radius and velocity
of the ejecta-wind interface. I first outline the phenomeno-
logical picture, which will hint, why the CS gas and not SN
ejecta is an appropriate site for the early-time broad emis-
sion (section 2), then calculate simple models of the ejecta
deceleration and bolometric light curve (section 3). In sec-
tion 4 the line profile will be simulated using Monte Carlo
technique.
Henceforth the distance 17 Mpc, the extinction A(V ) =
0.68 (Fassia et al. 2000), and the redshift 850 km s−1 (Fassia
et al. 2001) are assumed.
2 THE PHENOMENOLOGICAL MODEL
Bellow we outline the qualitative physical picture of the
spectrum formation in the early-time SN 1998S using ar-
guments based upon the available observational data and
results obtained in other papers.
2.1 Why CS Thomson scattering?
SN 1998S exploded after 1998 February 23.7 (Leonard et
al. 2000), which suggests that on March 6 SN was less then
ten days old. At this age SN ejecta is essentially opaque,
and the emission lines from SN ejecta must be affected by
the occultation, i.e. they must show strong line asymmetry
with the suppressed red part. The early emission lines, on
the contrary, are symmetric (Leonard et al. 2000), and their
origin from SN 1998S ejecta is, therefore, unlikely.
The alternative explanation for the broad lines, we pro-
pose, is that they are the result of narrow line broadening
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due to electron scattering in an opaque CS shell outside the
SN photosphere. The following simple arguments give an
order of magnitude estimate of the required Thomson opti-
cal depth of the CS shell to produce the broadening effect.
Let the Hα emissivity and scattering electrons are homoge-
neously distributed in a spherical layer with the Thomson
optical depth τT. The expected ratio of the unscattered, i.e.
narrow component, to the total emergent line flux is then
U ≈ [1 − exp(−τT)]/τT. On the other hand, assuming that
the CS shell velocity is about 103 km s−1, which is hinted
by the UV lines in HST spectra on March 16 (Lentz et al.
2001), we obtain that the narrow component (or unscattered
emission) of Hα in the spectrum on March 6 (Fassia et al.
2001) comprises roughly 20 − 25% of the overall line emis-
sion, which suggests U(τT) ≈ 0.2−0.25. With this value the
above expression for U(τT) implies the optical depth of the
CS gas τT ≈ 4. More precise value of τT will be obtained in
Section 4.
2.2 The distribution of the CS matter
The abrupt disapearence of the early-time emission lines
after March 12 means that a dense CS shell, responsible for
these lines, was overtaken by the SN ejecta to this moment.
This argument was used by Fassia et al. (2001) to estimate
the outer radius of the CS shell, Rc,1 ∼ 1015 cm. Note,
the radius of the photosphere on March 6 estimated by the
extrapolation of empirical data provided by Fassia et al.
(2000) is Rp ≈ 5× 1014 cm < Rc,1.
Apart from this inner CS shell, there is also the CS
matter in the outer region r > Rc,1, which is revealed by
narrow absorption and emission lines in spectra seen af-
ter March 12 and by the emergence at t > 50 d of the
’boxy’ components of Hα and He I 10830 A˚ caused by the
interaction (Fassia et al. 2001). The modeling of UV lines
in the HST spectrum on March 16 (Lentz et al. 2001) in-
dicates that the Thomson optical depth of the CS gas in
the region r > 1015 cm is only τT ≈ 0.2. Therefore, parc-
tically all the optical depth τT ≈ 4 should be accumu-
lated in the range of Rp < r < Rc,1 with a linear density
w = 4πr2ρ = 4πRp(τT/kT)/(1 − Rp/Rc,1) ≈ 2 × 1017 g
cm−1, where we assume ρ ∝ r−2, and kT = 0.3 cm2 g−1.
The estimated value of w is tremendous, but yet is in line
with the similar records in other SN IIn (Chugai 1992). As to
the outer CS gas, the value τT ≈ 0.2 in the range r > Rc,1
suggests that w = 4πRc,1τT/kT ∼ 1016 g cm−1, which is
consistent with the wind density required by the late-time
(t > 1 yr) radio and X-ray emission (Pooley et al. 2001).
The above analysis implies that the CS environment has
a ’dense core plus rarefied halo’ morphology. This structure
will by described here as a superposition of two components
(j = 1, 2), each described by the expression
ρj = ρc,j(r/Rc,j)
sj [1 + (r/Rc,j)
pj ]−1. (1)
For the template model of the CS gas distribution (Fig.
1), which meets above requirements and will be used bel-
low for the light curve and line profile models, we adopt
s1 = −2, p1 = 10, Rc,1 = 8× 1014 cm, s2 = 0, p2 = 2, and
Rc,2 = 5 × 1015 cm with the linear density in the steady-
state wind zones w1 = 2.1×1017 g cm−1 and w2 = 2×1016 g
cm−1. In addition, we plot the Thomson optical depth (Fig.
1) assuming full ionisation of the CS gas and the hydrogen
Figure 1. The density distribution of the CS gas in the model
B (thick line). Thin line shows the Thomson optical depth of CS
gas.
abundance X = 0.4. The latter is estimated from the fact
that the flux ratio of He II 4686 A˚ to Hα in the spectrum
on 1998 March 6 is about unity (Fassia et al. 2001) and
assuming recombination case B. (The low hydrogen abun-
dance may reflect mixing and mass loss). Note, at r = 1015
cm the model yields the Thomson optical depth τT ≈ 0.3
(Fig. 1), which is in a qualitative agreement with τT ≈ 0.2
derived by Lentz et al. (2001).
2.3 The opaque cool dense shell
The interaction of the freely expanding SN ejecta with the
CS environment produces a double shock structure with the
outer (direct) shock, running in the wind and the inner (or
reverse) shock propagating inward the SN ejecta (Nadyozhin
1981, 1985; Chevalier 1982). If the CS wind is dense enough
(w ≥ 3×1015 g cm−1), a cool dense shell (CDS) forms at the
ejecta-wind interface due to the cooling and compression of
the shocked ejecta in the inner shock (Chevalier & Fransson
1985, 1994). In case of a very dense wind (w ≥ 1017 g cm−1)
the outer shock during the initial epoch of about one month
may be radiative as well and contribute to the CDS forma-
tion. The evidence for the CDS in SN 1998S is hinted by the
’boxy’ Hα emission at the late epoch (Leonard et al. 2000;
Gerardy 2000; Fassia et al. 2001). The blue slope of the Hα
boxy component, when approximated by the emission from a
spherical shell, suggests the average CDS velocity 5600±500
km s−1 and 5500± 500 km s−1 according to spectra on day
92 (Fassia et al. 2001) and on day 140 (Leonard et al. 2000)
respectively.
Remarkably, the CDS turns out opaque in the Paschen
continuum for about 40–50 days. This claim is supported by
the following arguments. The mass of the CS shell in the
c© 2001 RAS, MNRAS 000, 1–??
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range of 1015 cm for the template wind model is ∼ 0.1 M⊙.
After the CS shell is swept up by the SN ejecta with the
density in outer layers ρ ∝ v−ω one expects that the mass of
the CDS should be (ω − 4)/2 times larger (Chevalier 1982)
or Ms ∼ 0.2 − 0.8 M⊙ depending on ω, which lies in the
range 8–20 (Chevalier & Fransson 1994). We assume that the
excitation temperature is equal to the effective temeperature
Teff and approximate the bolometric luminosity evolution by
the power law L = L0(t0/t)
2, where L0 = 10
43 erg s−1 and
t0 = 40 d, which is compatible with the observed luminosity
during the period of 15–80 d after the discovery (Fassia et al.
2000). With these remarks, the condition τ3(0.65µm) = 1
at Hα or τ3 = 2 at the Paschen edge results in the following
expression for the time of the CDS transparency t1 in the
Hα band
t1 = 44
(
t0
40 d
)0.5( v
6000 km/c
)−0.5(
L0
1043 erg/s
)0.25
×(1 + 0.05 ln φ) days, (2)
where v is the CDS average expansion velocity, φ ∝MsX(1−
x)t−21 v
−2 and the numerical prefactor in Eq. (2) is obtained
for Ms = 0.5 M⊙, X = 0.4, H ionisation degree x = 0, t1 =
44 d, and v = 6000 km s−1, which implies φ = 1. According
to Eq. (2) the value of t1 weakly depends on parameters,
which gives us a confidence that the CDS is actually opaque
during initial 40–50 days.
Two important consequences follow from the fact that
SN ejecta is enshrouded in the opaque CDS. First, the SN
photosphere should reside in CDS at the epoch t < t1,
which matters to the observational test of the deceleration
dynamics (section 3). Notably, the optically thick electron-
scattering CS gas does not affect the photospheric contin-
uum, because CS shell is effectively thin, i.e. the scattering
is conservative. Actually, for the typical density of the CS
shell ne ∼ 1010 cm−3 and temperature Te ∼ (2− 3)× 104 K
the ratio of the absorption to the extinction coefficient is
ǫ ∼ 10−3, so the thermalization length 1/√ǫ≫ τT.
The second point, but of a primary significance, is that
the opaque CDS prevents the emergence of strong emis-
sion lines from the SN ejecta. Moreover, strong emission
lines are not expected from the opaque CDS either. To
clarify the latter point, note that the pressure equilibrium
and the mass conservation result in a small width of the
CDS (Chevalier & Fransson 1994), ∆R/R≪ 1, which leads
to the small width of the SN atmosphere residing in the
CDS, ∆Ratm/R < ∆R/R ≪ 1. Since the early-time con-
tinuum is nearly black-body, Iν ≈ Bν(T ), and the line
source function in the CDS is limited by the inequality
Sν ≤ Bν(T ), we conclude immediately that the expected
contrast of emission lines formed in the opaque CDS is very
small, ∆F/F ≈ (Sν/Bν)(2∆Ratm/R) ≪ 1. It becomes thus
clear, why strong emission and absorption lines of SN 1998S
ejecta were not seen during the period 10–40 days after the
discovery, the observational fact emphasised by Fassia et al.
(2001). On the other hand, the opaque CDS does not pre-
clude the emergence of the strong emission lines from the
extended CS shell.
To summarize, the qualitative model for the early-
time spectrum of SN 1998S may be portrayed as a sharp
black-body photosphere embedded into the opaque electron-
Figure 2. Bolometric light curve of SN 1998S, radius and veloc-
ity of the thin shell. Upper panel: the light curve model A (see
Table 1) shown by thin line, and B model (thick line) are over-
ploted on the empirical bolometric luminosity (dots) from Fassia
et al. (2000). The light curve omitting CS interaction is shown
by dotted line. Middle panel: the radius of the thin shell for both
models A and B; empirical photospheric radii (Fassia et al. 2000)
are shown by open circles. Lower panel: the velocity of the thin
shell for A and B models with overploted estimates of the thin
shell velocity (see text). Note, both models produce similar curves
in all the panels.
scattering CS shell, which is responsible for the emission
lines observed before March 12.
3 THE INTERACTION AND LIGHT CURVE
MODEL
Given the similarity of SN 1998S and SN 1979C photometric
and spectral properties (Liu et al. 2000), the light curve of
SN 1998S is likely of the same nature as that of SN 1979C.
In line with the hydrodynamical model of the SN 1979C
(Blinnikov & Bartunov 1993) we suggest that the light curve
of SN 1998S is the result of an explosion of a red supergiant
with an extended envelope, R ∼ (1 − 10) × 103 R⊙, and a
moderate mass of ejecta ∼ 5 M⊙. The radioactivity as well
as the ejecta-wind interaction are likely responsible for the
late-time SN 1998S luminosity. One cannot rule out that the
ejecta-wind interaction may contribute to the initial phase
of the light curve as well.
The bolometric light curve will be simulated using a lin-
ear composition of the analytical bolometric light curve of
’bare’ (i.e. without wind) SN II (Arnett 1980, 1982) and the
light curve powered by the ejecta-wind interaction (Chugai
1992). The latter model computes the optical luminosity,
c© 2001 RAS, MNRAS 000, 1–??
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Table 1. Parameters of light curve models
Model M E R0 Rc,1 w1 w2 t1 tc Rs Teff τT
M⊙ 1051 erg 1014 cm 1016 g cm−1 days 1014 cm K
A 5 1.1 2.4 8 21 2 47 19 5.0 21700 3.4
B 5 1.1 2.4 10 18 2 47 22 5.0 21500 3.8
produced as a result of reprocessing of the X-ray radiation
from the outer and inner shocks. This model is upgraded
here to include the Compton cooling of the postshock gas
(Fransson 1982) and the reprocessing of the X-ray radiation
by the wind material as well. The dynamics of the ejecta de-
celeration in a thin shell approximation (Chevalier 1982) is
solved numerically, which yields the thin shell radius Rs(t)
and its velocity v(t). The light curve computed in an approx-
imation of the instant radiation escape from the CS shell,
is corrected for the diffusion delay in the CS medium using
Sobolev (1980) analytical formula for the escaping luminos-
ity.
The density profile of a freely expanding SN envelope
(v = r/t) used for the calculations of the thin shell dynamics
is a plateau with an outer power law tale
ρ = ρ0(t/t0)
−3[1 + (v/v0)
ω]−1, (3)
where ρ0 and v0 are defined by the SN mass (M) and ki-
netic energy (E); t0 is an arbitrary refference moment. We
adopt a steep density gradient, ω = 16, to take into account
the effect of sweeping up the material of the extended en-
velope into a dense shell during shock wave breakout phase
(Grasberg et al. 1971; Falk & Arnett 1977). The template
CS density distribution (Fig. 1) is used. The 56Ni with the
mass of 0.15 M⊙ (Fassia et al. 2000) is assumed to be mixed
within inner half of the SN mass. The average SN ejecta
opacity k = 0.2 cm2 g−1 is adopted for the Arnett’s model.
The list of the essential parameters of the light curve
model includes the ejecta mass M , kinetic energy E, pre-
supernova radius R0, the wind parameters w1 and w2 as-
suming the fixed shape of the density distribution of the SN
ejecta and the CS gas. Exploring the parameter space led
us to the optimal choice of the SN parameters: M = 5 M⊙,
E = 1.1 × 1051 erg and R0 = 2.4 × 1014 cm. It should be
stressed, that these values may be in some error given a sim-
plicity of our model. The density in the inner CS shell (w1)
affects the very early phase < 30 d of the light curve, al-
though, we are not able to derive w1 reliably from the light
curve analysis, since the Arnett’s analytical model underes-
timates the early luminosity (Arnett 1980). The light curve
is insensitive to the outer wind density unless w2 substan-
tially exceeds 2× 1016 g cm−1.
In Fig. 2 two models of the light curve are shown for
input parameters given in Table 1 and assuming that the
explosion occured on 1998 February 24.7 UT, the day after
the last pre-discovery observation. This choice is consistent
with the evolution of the photospheric radius (Fig. 2). The
template CS density distribution (Fig. 1) is used for the
model A, while the model B differs by the slightly higher
cutoff radius Rc,1. The parameter w1 is found from the mod-
eling of the light curve, photospheric radius, CDS velocity
and the line broadening effect (section 3) using an itterative
procedure. Derived values shown in Table 1 include the mo-
ment t1, when the optical depth of the CDS in the Paschen
continuum at Hα wavelength τ (0.65µm) = 1, the time tc,
when the outer shock becomes adiabatic, and three impor-
tant values on March 6: the radius of the thin shell (Rs),
which coincides with the CDS, effective temperature (Teff),
and Thomson optical depth (τT) of the wind. The optical
depth of the CDS in the Paschen continuum is calculated
assuming LTE for T = Teff and the number density of the
CDS defined by the isobaric condition, i.e. with the thermal
pressure equal to the dynamical pressure ρv2, where ρ is the
preshock wind density and v is the thin shell velocity. Mod-
els A and B produce similar results being consistent with
the empirical light curve, photospheric radii and CDS veloc-
ity. Some luminosity deficit before day 30 might be related
to the mentioned fact that in the analytical light curve the
initial luminosity peak is undeproduced (Arnett 1980). Yet,
given large uncertainties of data, the difference between the
model and the empirical light curve is not dramatic. Note,
the factor of two increase in the luminosity corresponds to
20% higher value of Teff .
The CDS is opaque during initial ≈ 47 days in agree-
ment with the previous estimates (section 2). Taking into
account the six days lag between the explosion and the dis-
covery we conclude that the opaque CDS gets transparent
at ≈ 40 d after the discovery. This is consistent with the
observational fact that strong broad emission and absorp-
tion lines from SN ejecta appear only about day 40 after the
discovery (Fassia et al. 2001). Remarkably, the outer shock
is radiatiave in both models for ≈ 20 days. As a result on
March 6 with ≈ 9 days passed after the explosion the outer
postshock gas should cool very quickly resulting in a very
thin outer postshock region, i.e. ∆R/R < 0.1.
4 LINE PROFILE CALCULATIONS
We consider only the Hα line, although a similar approach
may be applied to any other line, including WR lines, ob-
served in early-time spectra of SN 1998S. The model sug-
gests a sharp photosphere with a radius Rp = Rs in a fully
ionised isothermal CS gas (r > Rp) with an electron tem-
perature Te = Teff (Table 1). Any effects related to the outer
shock are omitted; they are of a minor importance for the
line profile. The wind velocity law v = vmax(Rp/r)
2 + vmin
is taken to mimic a radiative acceleration of the wind by the
SN radiation. We adopt vmin = 40 km s
−1 for the distant
wind (Fassia et al. 2001) and vmax = 1000 km s
−1 at the pho-
tosphere, a rough guess based upon the extrapolated behav-
ior of the maximal velocities of the fast CS gas on March 20
and April 8 (Fassia et al. 2001). The result, actually, is not
very much sensitive to vmax unless it significantly exceeds
1000 km s−1. The wind emissivity in Hα is assumed to scale
as a recombination emissivity j = Cem(hν/4π)α32nen(H
+)
(erg s−1 cm−3 ster−1), where α32 is the effective recombina-
tion coefficient for the Hα emission (case B), while Cem is
an emission correction factor, which allows for uncertainties
in the distance, exctinction, electron temperature, hydrogen
c© 2001 RAS, MNRAS 000, 1–??
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Table 2. Parameters of demonstration models for line profile
Model Te w1 τT
K 1016 g cm−1
D1 25000 13 4.0
D2 25000 1.3 0.4
D3 25000 16.2 5.0
D4 30000 13 4.0
abundance, as well as for a wind clumpiness and a possible
deviation from the recombination case B. The scattering in
the wind is essentially conservative, but the photons struck
the photosphere will be considered lost. The resonance scat-
tering is neglected. This approximation is justified by our
simulations, which do not show a dependence on the reso-
nance scattering at the considered epoch.
The emergent line spectrum is computed using the
Monte Carlo technique. The photon frequency at each scat-
tering is randomly chosen adopting the symmetric angle-
averaged frequency redistribution function (cf. Mihalas
1978). Note, computations with both angle-averaged and
angle-dependent frequency redisribution functions are mu-
tually consistent with a high precision even in the case of
τT ≈ 1 as Hillier (1991) has shown in his study of electron-
scattering effects in WR stars. The relativistic correction to
the Doppler effect and Compton recoil produce a net blue
shift ∆ν/ν = Ns(3kTe − hν)/mc2 (Weymann 1970), where
Ns is the average number of scatterings. This effect, although
small, is included in the profile modeling.
The Hα line broadening effect in the case of the high
Thomson optical depth is illustrated in Fig. 3 with model
parameters given in Table 2, which presents the electron
temperature, the linear wind density w1, and the Thomson
optical depth. In all the cases the photospheric radius is
Rp = 4×1014 cm, the wind velocity is u = 40+1000(Rp/r)2
km s−1 and the CS density distribution is defined by Eq. (1)
with w2 = 0, Rc,1 = 9× 1014 cm, s1 = −2, p1 = 10. All the
profiles are normalized to unity at maximum. A gaussian
smoothing with FWHM=6.7 A˚ is applied henceforth to the
computed profile to allow for the finite resolution in the
spectrum on 1998 March 6 (Fassia et al. 2001).
Results show that the template model D1 with the
Thomson optical depth τT = 4 produces strong nearly sym-
metric electron-scattering wings. It should be emphasised
that the line profile from the expanding electron scattering
wind with the opaque core is the result of the combination of
several factors including, (i) single scattering broadening re-
lated to the outmost layers with τT ≤ 1; (ii) broadening due
to multiple scattering, which may be interpreted as a dif-
fusion in the frequency space; (iii) the redshift acquired in
the course of multiple scattering in the expanding medium;
(iv) the photon absorbtion by the opaque photosphere. It
should be emphasised that the resulting redshift essentially
depends on the wind expansion kinematics. The model D2
with ten times lower optical depth compared to the model
D1 clearly shows the blue shift due to the occultation of
the wind by the photosphere and the enhanced red wing
due to the expansion effect. A primary reason, why the ex-
pansion effect is not so apparent in the model D1 relates
to the adopted wind kinematics with the velocity dropping
outward. In the optically thick situation the contribution
of the outer slow expanding gas dominates, which thus ac-
Figure 3. The line broadening effect for different parameter sets
(see Table 2). Shown are the template model D1 (thick solid line),
model D2 with small Thomson optical depth (thin line), model
D3 with higher optical depth (dot-dashed line), and model D4
with higher electron temperature (dotted line).
count for the small expansion effect in the model D1. Ob-
viously, this effect does not operate in the transparent case
D2, where fast inner scattering wind essentially contributes
in the line profile. Note, the mentioned bias to the red wing
in the model D2 very much resembles the appearence of
electron-scattering wings in WR stars (Auer & van Blerkom
1972; Hillier 1991). The model D3 with τT = 5 has markedly
stronger wings compared to the model D1 in a wide range
of velocities. The 20% higher electron temperature (model
D4) slightly increases high velocity wings. Such an effect is
practically on the verge of detectability. In this regard we
note, that the uncertainty of Teff in the light curve model is
of ≈ 20%, which is thus insignificant for the line modeling.
The spectrum of Hα on 1998 March 6 (Fassia et al.
2001) with two ’best’ fit versions of the line profile based
upon models A and B are ahown in Fig. 4. To make the plot
the emission lines are placed upon the appropriate contin-
uum. As noted before (section 3), parameters of models A
and B are found using itterative procedure to fit simultane-
ously the light curve, photospheric radius, expansion veloc-
ity and the line profile. Both models reproduce the observed
profile with the emission correction factor Cem being close
to unity (1.36 and 1.13 for model A and B respectively).
Surprisingly enough that the model A, which only slightly
differs from the model B, shows a noticeable blue shift. This
is related to the smaller ratio Rc,1/Rp, i.e. higher compact-
ness of the CS shell. Note, the higher blue shift would be
inconsistent with the observed profile, which implies that
Rc,1 ≥ 8 × 1014 cm. On the other hand with the Thomson
c© 2001 RAS, MNRAS 000, 1–??
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Figure 4. The Hα profile in SN 1998S spectrum on 1998 March
6. The model A (dashed line) and model B (solid line) are over-
ploted on obsrevations by Fassia et al. (2001).
optical depth of CS gas at the radii r > 1015 cm as low
as τT ∼ 0.2 (Lentz et al. 2001) the outer boundary of the
CS shell cannot significantly exceed 1015 cm. Therefore we
conclude that Rc,1 ≈ 1015 cm is an optimal estimate for the
cutoff radius of the inner CS shell.
With the single studied epoch we cannot rule out that
the density distribution at r < Rc,1 may deviate from the
law s1 = −2. For instance, the profile may be fitted assuming
s1 = −2.5 and Rc,1 = 1015 cm with similar value of the opti-
cal depth, τT ≈ 3.5. Other uncertainties of the model include
the clumpiness, and asymmetry of CS gas. The clumpiness
would result in the decrease of the Thomson optical depth
compared to the smooth distribution. The global asymme-
try of the CS environment (if any) would suggest that our
results must be refered to some equivalent spherical model.
At any case, uncertainties are not able to change the ma-
jor result, that the broad line wings on March 6 require the
Thomson optical depth of the CS shell in the range of 3–4.
5 DISCUSSION
I have argued that the broad narrow-topped emission lines in
the early-time spectra of SN 1998S are the result of the emis-
sion and Thomson scattering of line photons in the opaque
CS shell with the outer radius of ≈ 1015 cm. It was demon-
strated that the CS density distribution appropriate to the
line broadening is consistent also with the constraints im-
posed by the light curve, photospheric radius and velocity
of the CDS. It was shown that the CDS is opaque in the
Paschen continuum during about 40–50 days after the SN
explosion. The absence of strong emission and absorption
lines from SN ejecta during 40 days after the SN discovery
(Fassia et al. 2001) is explained as a direct consequence of
the opaque CDS. Both the electron-scattering CS environ-
ment and the opaque CDS, thus, may produce pronounced
observational effects in SN IIn.
Despite an obvious success in explaining the spectral
evolution of SN 1998S, the concept of the opaque CDS faces
a problem in accounting for the weak broad absorptions of
H, HeI and Si II, which are noticeable in SN 1998S spec-
tra before day 40 (Fassia et al. 2001). A plausible explana-
tion for these lines might be that the CDS is not a perfect
sphere, but is instead ’punched’ i.e. has ’holes’. In such a
case the absorbing gas may be identified with the unshocked
gas of SN ejecta seen through the holes in the opaque CDS.
A punched structure of the CDS might be caused by the
Rayleigh-Taylor instability or by a global wind asymmetry.
The latter is implied by the detection of the intrinsic polar-
ization of SN 1998S on 1998 March 7 (Leonard et al. 2000).
For instance, the asymmetric opaque CDS might have an
appearence of a wide equatorial belt with two transparent
poles, one of them lying in the near hemisphere.
In regard to the umbiguous interpretation of the spec-
tropolarimetric data (Leonard et al. 2000) the following
property of our model may be relevant. Specifically, the
model predicts that the narrow component in the early-time
spectrummust consist mostly of the non-scattered radiation,
while the broad wings are the result of multiple scattering.
With this property more consistent is the interpretation II
(polarized broad lines and unpolarized narrow lines) sug-
gested by Leonard et al. (2000).
The origin of the inner CS shell with the outer radius
of ≈ 1015 cm is intriguing. If it was created by the slow red
supergiant wind with the velocity u = 10 km s−1, then the
age of this CS shell was 30 yr at the explosion, which can-
not be readily associated with any specific time scale of the
presupernova. On the other hand, the velocity of the mat-
ter ejection might be as high as 100 km s−1, which is still
tollerated by the spectral resolution of the narrow compo-
nent (Fassia et al. 2001). In that case the age of the CS shell
was only 3 yr, which reminds the time scale 1–10 yrs for the
Ne and O burning in cores of 12−20M⊙ stars (Heger 1998).
Woosley (1986) noted that the Ne burning in degenerate
cores of ∼ 11 M⊙ stars may result in the violent mass loss
roughly 1 yr prior to core collapse. Remarkably, the dense
shell of a similar size (∼ 1015 cm) has been invoked to ac-
count for the early-time line behavior in SN 1983K (Niemela
et al. 1985), which is another SN II with WR features, and
in type IIn SN 1994W (Sollerman et al. 1998).
It would be interesting to search for signatures of broad-
ening of CS lines due to scattering by thermal electrons in
other SN IIn spectra. To distinguish between the case of
narrow lines on top of the broad lines emitted by SN ejecta,
likewise in e.g. SN 1988Z (Filippenko 1991; Stathakis &
Sadler 1991) and the case of narrow lines with CS electron-
scattering wings, the following properties of the early-time
spectra of SN 1998S must be stressed: (i) the broad wings
are smooth; (ii) strong emission lines have similar profiles;
(iii) the continuum is smooth and close to black-body. We
deliberatelly do not emphasize the wing symmetry, since
in the case of a low Thomson optical depth and a high
wind velocity the red wing may become stronger due to
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the CS expansion effect and the resonance scattering. In
this regard of particular interest are SN 1994Y, SN 1994W,
and SN 1994ak, reviewed by Filippenko (1997). Their early-
time spectra show narrow lines with smooth broad wings on
smooth continua. These properties are very suggestive of the
CS electron-scattering origin of line wings and the presence
of the opaque CDS in these supernovae.
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